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S u m m a r y .  T h e  m i t o c h o n d r i a l  g e n o m e  of Daphnia 
pulex (Crustacea ,  Cladocera)  was  c loned  as a single 
f r a g m e n t  i n to  the  p l a s m i d  vec to r  p U C 1 2 .  T h e  ge- 
n o m e  size, e s t i m a t e d  f r o m  res t r i c t ion  e n d o n u c l e a s e  
f r a g m e n t  lengths,  is 15,400 _ 200  base pairs.  T h e  
G C  con ten t ,  e s t i m a t e d  f r o m  t h e r m a l  d e n a t u r a t i o n  
s tudies ,  is 42%. T h e  pos i t i ons  o f  39 c leavage sites 
were  m a p p e d  for 14 res t r i c t ion  enzymes .  T h e  dis-  
t r i b u t i o n  o f  these sites w i t h i n  the  g e n o m e  is r a n d o m  
(P  = 0.44).  He te ro logous  h y b r i d i z a t i o n s  wi th  Dro- 
sophila sylvestris m i t o c h o n d r i a l  D N A  ( m t D N A )  
p robes  ind ica t e  tha t  gene o rders  w i t h i n  Daphnia a n d  
Drosophila m t D N A s  are s imi lar .  
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Introduction 
R e s t r i c t i o n  f r a g m e n t  p a t t e r n  (RFP)  ana lys i s  o f  m i -  
t o c h o n d r i a l  D N A  ( m t D N A )  has b e c o m e  a n  ex- 
t r eme ly  usefu l  tool  i n  p o p u l a t i o n  genetics.  H o w e v e r ,  
s tud ies  o f m t D N A  va r i ab i l i t y  i n  n a t u r a l  p o p u l a t i o n s  
o f  c rus taceans  h a v e  n o t  b e e n  fo r thcoming .  Th i s  is 
regre t table ,  g i v e n  the  ecological  a n d  e c o n o m i c  i m -  
p o r t a n c e  o f  m a n y  o f  these species,  as well  as the  
c o n f u s e d  state o f  c rus t acean  phy logene t i c s  a n d  tax- 
o n o m y  (Sch ram 1983). C o n s e q u e n t l y ,  m o l e c u l a r  
c l on ing  o f  Daphnia pulex (Crustacea ,  Cladocera)  
m t D N A  was u n d e r t a k e n .  Such a c lone  can  be used  
as a h y b r i d i z a t i o n  p robe  for large scale p o p u l a t i o n  
su rveys  a n d  for the  i n v e s t i g a t i o n  o f  m i t o c h o n d r i a l  
g e n o m e  e v o l u t i o n  w i t h i n  the Crus tacea .  
*Present address: Department of Biology, University of Michi- 
gan, Ann Arbor, MI 48109, USA 
Offprint requests to: D.J. Stanton 
Materials and Methods 
Mitochondrial DNA Extraction 
A single parthenogenetic clone ofD. pulex from Amana, Iowa, 
was reared in mass quantities. Mitochondrial DNA was extracted 
from approximately 100 g of Daphnia per extraction following 
procedures outlined in Lansman et al. (1981). Animals were 
washed, resuspended in grinding buffer, and homogenized on ice 
with a motor-driven Teflon pestle and glass sleeve. Cellular debris 
was pelleted by low-speed centrifugation. Intact mitochondria 
were recovered by centrifugation and purified on discontinuous 
sucrose gradients (Lansman et al. 1981). Mitochondria were lysed 
with SDS and phenol extracted. Mitochondrial DNA was ethanol 
precipitated and purified by CsC1/propidium iodide ultracentri- 
fugation (Wright et al. 1983). 
Cloning 
Approximately 0.5 #g of purified pUC12 DNA (Vieira and 
Messing 1982) and 1.0 #g of purified mtDNA were cleaved with 
Bam HI according to manufacturer's specifications (BRL). Li- 
gation was carded out using T4 ligase in a 50-~1 reaction volume 
according to manufacturer's specifications (BRL). Twenty mi- 
croliters of the ligation mixture were added to 200 ~1 of competent 
Escherichia coli (JM103) cells, prepared according to the pro- 
cedure of Hanahan (1983). Transformation and screening of 
transformed cells was performed according to procedures out- 
lined in Maniatis et al. (1982). 
Plasmid Extraction 
In order to confirm the identity of recombinant inserts, mini- 
plasmid preparations were made from selected colonies according 
to the procedure of Klein et al. (1980). Confirmed recombinants 
were stored as glycerol stocks at -70~ Large-scale plasmid 
preparations were performed according to the alkaline lysis pro- 
cedure (Maniafis et al. 1982) to provide mtDNA for character- 
ization. Restriction fragment patterns for the cloned mtDNA 
were compared to those obtained from purified Daphnia mtDNA 
in order to confirm that the entire genome had been cloned. 
Characterization 
PhysicalMapping. Mitochondrial DNA (10 ng per digest) was 
digested according to manufacturer's specifications (BRL) with 
the restriction endonucleases listed in Table 1. Fragments thus 
generated were radioactively end-labeled, electrophoresed on 
agarose and acrylamide gels, and analyzed using the procedure 
of Wright et al. (1983). Lambda DNA cut with Hind III was used 
Table 1. Number  of  restriction sites and genome size estimates 
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Enzymes No. of sites GC content Size 
No. Name Sequence Observed Expected 0 2 4 6 (kb) 
1 Apa I GGGCCC 4 1.3 4 15.4 
2 Barn HI GGATCC 1 2.5 1 15.4 
3 Bgl II AGATCT 8 4.8 8 15.4 
4 BstE II GGTNACC 2 2.5 2 15.4 
5 Eco RI GAATTC 5 4.8 5 15.4 
6 Eco RV GATATC 3 4.8 3 15.4 
7 Pst I CTGCAG 4 2.5 4 15.3 
8 Pvu II CAGCTG 1 2.5 i 15.5 
9 Sca I AGTTCA 4 4.8 4 15.4 
10 Sma I CCCGGG 1 1.3 1 15.6 
I l Sst I GAGCTC 2 2.5 2 15.4 
12 Sst II CCGCGG l 1.3 l 15.2 
13 Xba I TCTAGA 2 4.8 2 15.4 
14 Xho I CTCGAG 1 2.5 1 15.5 
15 Dra I AAATTT 10 9.2 10 
Sum 39 42.9 10 22 I l 6 215.6 
Mean 2.79 3.07 10 4.4 1.8 2.0 15.4 
The expected number  of cut sites was calculated according to Lansman et al. (1981). The calculations assume a molecule 15.4 kb in 
length with a GC content of 42% and a random distribution of  nucleotides. GC content refers to the number  of  G:C pairs in the 
recognition sequence of  each enzyme. Size refers to the cumulative size of  all fragments observed for each restriction endonuelease. 
The Dra I cut sites were not mapped and are excluded from all subsequent analyses 
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Fig. 1. Restriction map and hybridization. Genetic map drawn to scale from Drosophila yakuba (Clary and Wolstenholme 1985). 
Positions of  tRNAs are shown as open boxes. Shaded areas represent Drosophila sflvestris probes (DeSalle et al. 1987). Restriction 
map is ofDaphnia pulex cloned mtDNA. Number  designations for restriction endonucleases are given in Table 1. Cut site positions 
are generally +50 bp given the resolution of the mapping technique. Daphnia fragments to which probes hybridized are shown by 
shading. Arrows show that  the probe hybridized to the fragment but the exact endpoint  within the fragment is unknown as there are 
no restriction sites within the fragment. Scale shown is in kilobases. 
as a molecular weight standard. Sizing of  fragments was accom- 
plished using the DNAGEL program (Kieser 1984) modified 
according to Grewe and Hebert (1987). 
GC Content. The Tm value was measured using a Beckman 
DU-8 spectrophotometer with attached Tm module. Five micro~ 
grams o f m t D N A  were suspended in 300 ~1 of 1 • standard saline 
citrate (SSC: NaC1, 0.15 M; citric acid, 0.015 M, pH 7.0) and 
degassed. Absorbance values were automatically recorded at 260 
nm as the temperature was raised from 25"C to 98"C at a rate of  
0.5"C per rain. Calf thymus DNA and salmon sperm DNA were 
used as reference standards, having known GC contents of  42~ 
and 43%, respectively (Marmur and Dory 1962). The GC content 
was determined from the T m value according to the conversion 
factor of  Marmur  and Doty (1962). 
Genetic Mapping. Daphnia pulex mtDNA was cleaved with 
restriction endonucleases, electrophoresed in agarose, and trans- 
ferred to nitrocellulose filters according to the procedure of  
Southern (1975). Three subclones of  the Drosophila sylvestris 
mtDNA genome (DeSalle et al. 1987) were used as probes (Fig. 
1). Drosophila mtDNA was nick-translated to high specific ac- 
tivity using the procedure of Rigby et al. (1977). Hybridization 
was carried out according to procedures outlined in Maniatis et 
al. (1982). Low stringency washes were used (SDS 0.1%, SSC 
0.5 x,  37*(2, 60 min). 
R e s u l t s  
Cloning 
T h e  e n t i r e  D. pu lex  m i t o c h o n d r i a l  g e n o m e  w a s  s u c -  
c e s s f u l l y  c l o n e d  as  a s i n g l e  f r a g m e n t  i n  t h e  p U C 1 2  
v e c t o r .  H o w e v e r ,  y i e l d s  o f  t h i s  r e c o m b i n a n t  p l a s -  
m i d  w e r e  l o w ,  a n d  g l y c e r o l  s t o c k s  w e r e  u n s t a b l e .  
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Table 2. The expected number of restriction sites 
GC content  Signif- 
0 2 4 6 X 2 P icance 
Observed 10.0 4.4 1.8 2.0 x2t0.om) = 7.8 
Expected 
GC = 34% 19.9 5.3 1.4 0.4 12.4 < 0.01 ** 
GC = 42% 9.2 4.8 2.5 1.3 0.7 >0.80 NS 
GC = 50% 3.7 3.7 3.7 3.7 12.6 <0.01 ** 
P is the probability that the observed deviation from the expected ratio can be attributed to chance. The level of significance: NS = not 
significant; ** = significant at the 0.01 level. The mean of the observed number of sites for each class was taken from Table 1. The 
expected number of sites for each class was calculated as in Table 1, using the GC contents shown 
For  this reason, clones were constructed using Pst I 
sites and the me thods  outl ined above.  Three  sub- 
clones were obta ined that  represent  all but  200 base 
pairs o f  the entire mi tochondr ia l  genome.  These 
subclones are substantially more  stable than the Bam 
HI  done .  
o f  coding regions within each probe. However ,  the 
inferred gene posit ions are consistent with the gene 
order  observed in Drosophila yakuba (Clary and 
Wols tenholme 1985), but  are inconsistent  with that 
observed in humans  (Anderson et al. 1981). 
Characterization 
Physical Mapping. The  size o f  the D. pulex mito-  
chondrial  genome,  de te rmined  as the consensus 
length o f  all restriction fragment pat terns (Table 1), 
was found to be 15.4 _ 0.2 kb. Cleavage site po- 
sitions were de te rmined  by the double  digest pro-  
cedure (Fig. 1). A total o f  39 sites were mapped  for 
14 enzymes  with an average o f  2.79 cleavage sites 
per enzyme  (Table 1). The  cleavage sites were an- 
alyzed to de termine  i f  they were r andomly  distrib- 
u ted  (Watson 1961), using the compute r  program 
o f  Adams and R o t h m a n  (1982). When  cleavage sites 
were pooled,  they were found to be r andomly  dis- 
t r ibuted throughout  the genome (P = 0.44). 
GC Content. The  Tm value was 87~ which cor- 
responds to an es t imated G C  content  o f  42%. The  
average n u m b e r  o f  cleavage sites observed was in 
close agreement  with the number  expected based on 
this G C content  (Table 1). The  ratio o f  the n u m b e r  
o f  cleavage sites observed for enzymes with differing 
propor t ions  o f  GC  base pairs in their  recognit ion 
sequences was compared  to the expected ratio by  x 2 
analysis. There  was close agreement  between the 
observed  ratio and the ratio expected for a G C  con- 
tent  o f  42%. However ,  the ratio was significantly 
different f rom that  expected for a GC content  o f  
34% or 50% (Table 2). 
Genetic Mapping. Drosophila sylvestris m t D N A  
probes were found to hybridize to various fragments 
ofDaphnia m t D N A  (Fig. 1). The  exact boundar ies  
o f  the coding regions are unknown,  due to lack o f  
resolution in the physical map  and the large n u m b e r  
Discussion 
Genome Size 
Animal  m t D N A  displays ext reme size economy in 
general (Borst and Grivell  1981). Even given this 
economy,  the size o f  the D. pulex mitochondr ia l  
genome is near  the lower l imit  o f  the range repor ted 
for animals.  It is unlikely that  this is due to the 
el iminat ion o f  coding regions, as all animal  mt-  
DNAs,  except  those in nematodes  (Wolstenholme 
et al. 1987), contain the same coding regions. How-  
ever, in different species o f  Drosophila the size of  
the AT-r ich  region is seen to covary  with total 
genome size (Fauron and Wols tenholme 1976, 
1980a,b). The  small size o f  the Daphnia mitochon-  
drial genome might, therefore,  be due to a reduct ion 
in size o f  an analogous region. 
GC Content 
The  G C content  repor ted  here is high for inverte-  
brates, which generally display lower G C contents  
(range 21-43%) than vertebrates (range 37-50%) 
(Brown 1983). The  Daphnia value (42%) is dra- 
matical ly different f rom that  repor ted  for decapod 
crustaceans (29%) (Skinner and Kerr  1971), but  sim- 
ilar to that  o f  the more  closely relatedArtemia salina 
(38%) (Schmitt  et al. 1974). Increased GC content  
would o f  course be expected as a consequence o f  a 
reduct ion in the size o f  the AT-r ich  region. 
Genetic Mapping 
The  inferred gene ar rangement  in Daphnia m t D N A  
is consistent  with the gene order  observed in Dro- 
sophila (Clary  a n d  W o l s t e n h o l m e  1985) a n d  the par-  
tial gene  o rde r  d e t e r m i n e d  for Artemia (Batuecas  et 
al. 1988). Sequence  ana lys i s  o f  these  g e n o m e s  is 
cu r ren t ly  u n d e r w a y  in  o rder  to d e t e r m i n e  i f  differ- 
ences in  gene  o rde r  exist.  Such  data ,  i n  c o o r d i n a t i o n  
with o the r  gene o rde r  d e t e r m i n a t i o n s ,  cou ld  be  i m -  
por t an t  in  add res s ing  the issue o f  a r t h r o p o d  m o n o -  
phyly (Sch ram 1983). T h e  c loned  D N A  has  a l ready  
been  used  as a h y b r i d i z a t i o n  p robe  in  large-scale 
p o p u l a t i o n  su rveys  o f D .  pulex  (Crease et al. 1989). 
The  c lone  has  also b e e n  successful ly  e m p l o y e d  as a 
he te ro logous  p robe  for  m a n y  o the r  species w i t h i n  
the genus ,  as well  as o the r  c rus taceans  as d i s t an t l y  
re la ted  as decapods  (S t an ton  I988) .  Such da ta  cou ld  
be ve ry  usefu l  i n  the  d e t e r m i n a t i o n  o f  phy logene t i c  
r e l a t ionsh ips  a m o n g  the  Crus tacea .  
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